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Abstract

Cell therapy has the potential to drastically improve clinical outcomes for the 1.45 million patients 

suffering from a myocardial infarction (MI) each year in the U.S. However, the limitations 

associated with this treatment -including poor engraftment, significant cell death and poor 

differentiation potential - have prevented its widespread application clinically. To optimize 

functional improvements provided by transplanted cells, there is a need to develop methods that 

increase cellular retention and viability, while supporting differentiation and promoting paracrine 

signaling. Current in vivo models are expensive, difficult to access and manipulate and are time 

consuming. We have developed an in vitro model of MI which allows for a straightforward, 

consistent and relatively accurate prediction of cell fate following injection in vivo. The model 

demonstrated how the infarct environment impairs cellular engraftment and differentiation, but 

identified an implantation strategy which enhanced cell fate in vitro. Multivariate linear regression 

identified variables within the model that regulated vascular differentiation potential including 

oxygen tension, stiffness and cytokine presence, while cardiac differentiation was more accurately 

predicted by Isl-1 expression in the original cell isolate than any other variable present within the 

model system. The model highlighted how the cells’ sensitivity to the infarct variables varied from 

line to line, which emphasizes the importance of the model system for the prediction of cell fate 

on a patient specific basis. Further development of this model system could help predict the 

clinical efficacy of cardiac progenitor cell therapy at the patient level as well as identify the 

optimal strategy for cell delivery.
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Introduction

Stem cell therapy for the treatment and prevention of heart failure (HF) following 

myocardial infarction (MI) has the potential to benefit over 5 million people in the U.S alone 

[1]. Although cardiac progenitor cells (CPCs) contribute to a limited or negligible 

population of cardiomyocytes (~0.03%) in the adult heart throughout physiological 

development [2], neonatal hearts demonstrate the ability to regenerate cardiac muscle 

following myocardial injury through CPC mediated myogenesis [3]. Despite their limited 

ability to regenerate myocardium in the adult heart, c-Kit+ CPCs have a high propensity for 

vascular differentiation and contribute to approximately 3% of all CD31+ endothelial cells 

within native myocardium and 7% in the injured heart [2]. The intramyocardial delivery of 

these cells for the treatment of MI has demonstrated clinical efficacy in two human Phase I 

trials, CADUCEUS and SCIPIO [4]. In the CADUCEUS trial, six months following cell 

therapy treatment, cardiosphere-derived autologous stem cells demonstrated regenerative 

potential. Patients receiving cells possessed smaller infarct scars and more viable tissue 

mass. Despite the minimal cardiomyogenic potential of these cells, research has 

demonstrated their potential to promote angiogenesis and decrease cellular apoptosis and 

necrosis following injury in vivo, either through their differentiation towards vascular 

lineages [5] or via secretion of growth factors [6] and/or extracellular miRNAs [7]. 

However, poor engraftment and viability minimizes the percentage of injected cells that 

contribute to functional improvements and enhanced cardiac outcomes [8].

The development of implantation strategies, which either focus on pre-conditioning the cells 

prior to injection or delivering the cells in conjunction with a small molecule, growth factor 

or other cell type, have demonstrated significant benefit as compared to the delivery of 

CPCs alone. However, identifying the specific mechanisms responsible for either the 

therapeutic efficacy of the cells or the implantation strategy is challenging within the 

complex infarct microenvironment. In addition, the variability in the remodeling process 

following myocardial injury [9] and the heterogeneity of patient derived CPCs [10] makes it 

challenging to predict the most beneficial delivery strategy for an individual patient. While 

most animal studies demonstrate the efficacy of a singular implantation strategy, it remains 

to be seen whether a specific approach is most effective or whether the effectiveness is 

specific to a particular animal’s infarct microenvironment and/or population of CPCs. To 

address the current limitations of cell therapy treatment of MI, it is critical to develop an in 

vitro model system which will possess the predictive capacity at the patient-specific level to 

determine the most effective approach to regenerate necrotic myocardium via stem cell 

therapy. The ideal model would not only be easy to access and manipulate, but also possess 

the capacity for high-throughput analysis.

Sullivan et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several signaling moieties within the extracellular environment impact CPC fate including, 

but not limited to, extracellular matrix composition [11], substrate stiffness [12], oxygen 

tension [13], soluble growth factors [14] and inflammatory mediators [15]. These factors 

change significantly within the infarct microenvironment in response to coronary artery 

occlusion and in conjunction with a massive inflammatory response. Previous work in our 

lab has demonstrated that the altered matrix composition of the infarcted myocardium 

promotes pro-survival paracrine signaling between mesenchymal stem cells (MSCs) and 

oxidatively stressed cardiomyocytes in vitro [16], while the vascular differentiation potential 

of c-kit+ CPCs is enhanced in fibrin hydrogels of increased stiffness containing cardiac 

ECM derived from adult hearts but not in gels containing neonatal cardiac ECM [12]. 

However, understanding how both oxygen tension and immunomodulatory cytokines 

influence cellular engraftment, viability, differentiation potential and paracrine signaling 

within the context of the remodeled extracellular matrix is critical for an accurate prediction 

of cell fate in vivo. The incorporation of decellularized extracellular matrix isolated from 

both healthy and infarcted rat hearts into a polyacrylamide gel system allowed for the 

development of a complex model descriptive of the infarct microenvironment with the 

application of hypoxic cell culture and inclusion of soluble, inflammatory mediators. This 

model system was used to not only predict the regenerative potential of c-kit+ CPCs isolated 

from individual infarcted rat hearts, but also assess the efficacy of an implantation strategy. 

Further development with this in vitro model system could help predict the ideal approach 

for cell therapy on a subject specific basis with direct, clinical applications.

Materials and Methods

Rodent model of MI

Animal experiments were approved by the Institutional Animal Care and Use Committee at 

Tufts University and performed in agreement with Tufts University guidelines and the US 

Animal Welfare Act. MI was induced in male Sprague-Dawley rats (2+ months of age and 

250–275 grams). Following induction of anesthesia with isoflurane, an incision was made 

between the fourth and fifth intercostal space. The heart was exposed and a 6-0 prolene 

suture was used to permanently occlude the coronary artery. Location of ligation was chosen 

such that blanching occurred across 40–50% of the left ventricular free wall and a GE Vivid 

I ultrasound and a 12S-RS Phased Array Transducer (5.0 – 11.0 Mhz) were used to collect 

M-mode echocardiograms in order to ensure significant functional deterioration following 

MI. Animals recovered for either 1 or 4 weeks post-infarction depending on whether they 

were used for cell isolation or ECM, respectively.

c-Kit+ CPC isolation and characterization in vitro

1 week following MI, animals were sacrificed via CO2 asphyxiation and whole hearts were 

isolated and immersed in ice cold PBS-glucose (Figure 2A). The whole organ was minced 

into 1 mm3 pieces. A serial collagenase digestion protocol [17] was adapted to maintain cell 

viability during the isolation, but also to maximize cell retrieval from the tissue and is 

described in detail within the supplemental methods. The cell pellet was resuspended in 

2mL of 1× insulin-tranferin-selenium (ITS), 1% Pen-Strep in Ham’s F-12 Nutrient Mixture. 

c-kit+ CPCs were isolated according to a previous protocol [11]. Briefly, a rabbit polyclonal 
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c-kit antibody (Santa-Cruz, H-300) was conjugated to magnetic beads, added to the cells and 

incubated for 2 hours at 37 °C on an end-over-end rotator. The c-kit+ CPCs were isolated 

via magnetic assisted cell sorting and maintained in F-12 supplemented with 10% FBS, 1% 

Pen-Strep, with 10 ng/ml FGF-2 (R&D, 234-FSE-025) and 10 ng/mL LIF (R&D, 7734-

LF-025) added fresh at each feeding.

6 different lines of c-kit+ CPCs were isolated and characterized via qPCR and histological 

assessment at passages 2 and 3. Spontaneous differentiation was also assessed by removing 

the cells from their maintenance media and placing them in a serum-free media, which 

consisted of a 1:1 mixture of Ham’s F-12 and DMEM with a 0.2% (w/v) bovine serum 

albumin, 0.5% ITS and 1% Pen-Strep. Following 1 week in culture, differentiation was 

assessed via qPCR and histological assessment at passages 5 and 6. Cells were frozen in 

liquid nitrogen at passage 3. Cells were thawed and cultured for 2 passages prior to seeding 

in the model system.

Model development and application for the prediction of cell fate

MI Model: Cell and ECM Isolations—Hearts were isolated from healthy animals or 4 

weeks post-infarction and subjected to retrograde perfusion decellularization with 1% 

sodium dodecyl sulfate (SDS). Tissue isolated from either the free wall of the left ventricle 

of healthy hearts or from the scar region of infarcted hearts was lyophilized and solubilized 

as described previously [18] in a 1mg/ml solution of Pepsin in 0.1M HCl for 48 hours to 

reach a final solubilized ECM concentration of 5mg/ml.

Model System Development—Parameters (including stiffness, composition, oxygen 

tension and cytokine presence) recapitulated within the model system were selected based 

on previous characterization of both native and infarct extracellular environments in vivo. 

More specifically, the increase in myocardial stiffness following infarction from 18±2 kPa to 

55±15 kPa measured in a rat model of MI [19] was modeled via a polyacrylamide gel 

platform in which.gels were fabricated at approximately 25±6 kPa and 48±7 kPa by altering 

the cross-linking between acrylamide and bis acrylamide. Alterations to the extracellular 

matrix composition following infarction has been previously characterized [16] and to 

model these compositional changes in vitro 400 µg of healthy ECM was cross linked into 

500uL of PA gel solution of 25 kPa stiffness, while 400 µg of 4 week infarct ECM was cross 

linked into 40 kPa gel solution using acrylic acid-Nhydroxysuccinimide (NHS) ester to 

create covalent linkages between amine groups. 30uL of gel solution was cast onto an 

activated coverslip and a non-activated coverslip was placed on top to create an even surface 

and promote polymerization according to a previously published protocol [20]. After 30 

minutes, gels were washed with sterile 1× PBS three times for 5 minutes.

Oxygen tension was also varied within the model system to specifically mimic the decrease 

in oxygen content from approximately 5% O2 to 1% O2 following coronary artery occlusion 

in mammals [21]. Therefore, following seeding of 100,000 c-Kit+ CPCs onto the gels in 3 

mL of serum-free media (described above). Gels of lower stiffness [22], incorporated with 

healthy, cardiac ECM were cultured at 5% O2 [21, 23], which is characteristic of a native 

myocardial environment. Gels of higher stiffness [19], with infarct ECM, were cultured at 
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1% O2 [21, 23] in a Biospherix C-Chamber with a ProOx P110 controller. To increase the 

complexity and validity of the model system, cytokines were included within the infarct 

model environment exclusively to mimic the inflammatory nature of the myocardial scar. 

However, due to the complexity of cytokines, growth factors and inflammatory mediators 

present within the myocardium following injury, we chose to exclusively model those 

factors which are in greatest abundance and have demonstrated the ability to regulate the 

CPC phenotype. Therefore, 5ng/mL bFGF [24] and 2.5 ng/mL TGF-β [25] were added to 

the culture media at the time of seeding to mimic the infarct microenvironment. The 

alterations in the extracellular environment modeled in this system are summarized in 

Figure1A and 1B.

Media was not changed during the 1 week culture period to more accurately model the 

native environment and minimize disruptions in oxygen tension. Cell adhesion and viability 

was assessed at both 16 hours and 5 days following seeding via a Live/Dead assay 

(Invitrogen). Cells were trypsinized with 0.5% trypsin on day 5 and RNA was isolated with 

the RNAeasy kit (74104, Qiagen, Valencia, CA). RNA was quantified, treated with DNAse 

(Applied Biosystems) and reverse transcribed with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) in a thermocycler according to the manufacturer’s 

specifications. qPCR was performed with Taqman primers (KIT, VEGF, HGF, ISL1, 

NKX2.5, GATA4, MEF2C, TBX5, TNNT2, GATA6, VWF, KDR, TAGLN, ITGA1, 

ITGA2, ITGB1) and Taqman Universal PCR Master Mix. Fold change expression was 

calculated using the ΔΔCt method. Histological assessment was performed on day 7. 

Primary antibodies for c-Kit (sc-H300, 1:200), Isl-1 (ab-20670, 1:200), Gata4 (sc-25310, 

1:100), Tbx5 (sc-17866, 1:100), TnT (ab10214, 1:100), vWf (Sigma, F3520, 1:100), Flk-1 

(sc-6251, 1:100), Gata6 (sc-6251, 1:200), and α-SMA (sc-32251, 1:200) were diluted in a 

1% BSA solution. Secondary antibodies (Alexa Fluor 488-conjucated donkey anti-rabbit 

715-545-152, Cy3-conjugated donkey anti-mouse 715-165-150, Jackson ImmunoResearch, 

West Grove, PA) were diluted at 1:400 in 1% BSA solution in PBS. Details regarding the 

histological staining protocol are further detailed within the supplemental methods. To better 

understand the alterations to cell fate as a function of the complex model environments, 

additional experiments were carried out to determine how each of the variables altered 

within the model environments independently regulated cellular adhesion, survival and 

differentiation potential. Alterations in cell adhesion and differentiation as a function of each 

individual variable including composition, stiffness, cytokine presence, and oxygen tension 

are summarized in supplemental figures 2, 3, 4 and 5, respectively.

The model studies were performed on three separate occasions. Each experiment used a 

unique cell line (2, 3 and 5) and ECM derived from different animals. Cardiac and vascular 

differentiation was assessed for all three lines (n=12/condition). Paracrine signaling was 

assessed for lines 3 and 5 (n=8/condition). Integrin signaling was assessed for Line 2 (n=4/

condition).

Evaluation of implantation strategies

In order to assess an implantation strategy with the application of the model system, a TNFα 

receptor antagonist (sc-1070) [26] was delivered at 5µg/mL during the initial seeding and 
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compared to cells seeded with no treatment. Cells were seeded at a higher density (300,000 

cells/gel) because of the impaired attachment/proliferation within the infarct environment. A 

live/dead assay was performed and RNA isolated on day 5. Histological assessment was 

performed on day 7.

Multivariate Linear Regression Model

ΔCt values for gene expression were normalized from individual variable experiments 

(described in supplemental methods and data presented in supplemental figures 2, 3, 4 and 

5) as well as all three model system studies. Independent variables were assigned 

normalized numerical values and are summarized in Table 1. Multivariate linear regression 

was performed for all three lines and adjusted R2 values, coefficients and their respective p-

values are reported in Table 2. Correlation coefficients were determined significant based on 

the null hypothesis that R=0. Significance was defined by α=0.05. For each gene of interest, 

the number of observations exceeded 90. When data from all three lines were compiled, the 

regression analysis for each gene of interest passed both the normality and covariance 

assumptions for all five genes. However, when the data was stratified based upon line (Table 

3), the assumption of normality was not met for Line 2 and GATA4 expression and the 

constant variance assumption was not met for Line 2 and VWF.

Statistical Analysis

All results were analyzed with a student t-test or an appropriate sized multiple univariate 

analysis of variance with Student t-test post-hoc testing and corrected for multiple 

comparisons. P-values less than 0.05 were considered statistically significant.

Results

Significant heterogeneity exists across c-Kit+ CPCs isolated from infarcted rat hearts 

(Figure 2A). While cells were derived from the entire heart, separate isolations were 

performed on distinct regions of the heart and demonstrated that proliferative CPCs are 

primarily derived from atrial tissue at 1 week post-MI as compared to the infarct and remote 

ventricular tissue (data not shown). qPCR analysis of 6 cell lines demonstrates the 

variability which exists in stem, vascular and cardiac gene expression (Figure 2B). While 

lines 1, 2 and 3 express ISL-1 and, NKX2.5, lines 4, 5 and 6 did not express these same 

markers. Line 6 expressed the highest expression levels of intermediate and mature cardiac 

markers (TBX5, TNNT2). All six cell lines express similar levels of KIT following 

isolation. Histological staining of line 5 cells demonstrate robust expression of c-Kit, and 

minimal expression of Isl-1. The line appears more similar to a vascular progenitor with 

strong expression of Flk-1 and αSMA, but minimal expression of Tbx5 and TnT (Figure 

2C).

CPCs were cultured for 1 week in serum-free media and no longer treated with LIF and 

bFGF (used to maintain stemness). As compared to stem maintenance media where more 

than 75% of the cells expressed c-Kit, in serum-free media, only 35% of the cells maintained 

c-Kit expression (Supplemental Figure 1C). The majority of the cells differentiated towards 

either a vascular or a cardiac phenotype. Gene expression levels of VWF doubled and 
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almost 50% of the cells positively expressed this marker (Supplemental Figure1C and 1D). 

A proportion of cells possessed striated fibers stained positive for TnT. While spontaneous 

contractions were not observed, the increase in TNNT2 expression was robust and surpassed 

the levels of GAPDH.

Even though the model system was complex and recapitulated several components of the in 

vivo environment (Figure1A and 1B), it was easy to run multiple samples of different 

models in parallel. Each model was contained within a well of a 6 well plate and the ECM 

generated from a single heart was sufficient to develop 80 different model environments 

specific to the tissue source. In order to assess matrix and cell variability, the experiment 

was repeated on three separate occasions each time with a different line. Data collected from 

lines 2, 3 and 5 are described. Cells were capable of adhering and proliferating within each 

of the model systems despite the harsh culture conditions and lack of media change for 1 

week in culture (Figure 3). However, stark differences in cell adhesion and proliferation 

existed across the two model systems and each line of c-Kit+ CPCs possessed a slightly 

variable ability to adhere and proliferate within the model environments. At 16 hours post-

seeding, the healthy model system had a significantly greater number of cells per field than 

the infarct condition for both lines 2 and 3 (p<0.001). Over the next 4 days, the number of 

adherent cells increased approximately 3-fold in the healthy condition in lines 3 and 5 

(p<0.001), while the density of cells within the infarct condition increased by only 2-fold 

(p<0.05). Line 2 cells remained relatively constant during the culture period, but all three 

lines possessed a significantly higher cell density in the healthy model than the infarct model 

at day 5 (p<0.03). Minimal differences in viability were detectable across conditions and this 

is likely due in part to the live/dead protocol, which requires rinsing of the gel prior to 

staining. Therefore, the majority of dead cells are removed prior to imaging and not 

quantified. In addition to adherence and proliferation, differentiation potential of c-Kit+ 

CPCs is significantly altered as a function of the infarct microenvironment (Figure 4). The 

infarct model increased expression of pro-survival (HGF) and pro-angiogenic (VEGF) 

cytokines (Figure 4C). While cardiac differentiation potential is consistent across the two 

populations, it is also minimal and suggests the native myocardial environment does not 

stimulate spontaneous cardiac differentiation. In contrast, the differentiation of c-Kit+ CPCs 

towards vascular lineages is significant with robust expression of αSMA and VWF within 

the healthy microenvironment (Figure 4A). However, the infarct microenvironment 

significantly abrogates the expression of vascular markers including TAGLN (SM22α) and 

VWF. Alterations in adhesion and differentiation may be a factor of integrin expression as 

ITGA2 expression is significantly increased within the infarct model system (Figure 4E).

An implantation strategy was assayed for its ability to enhance cell fate and treatment with a 

TNFα receptor antagonist did not significantly impact cell adhesion or viability (Figure 5A). 

Although c-Kit protein expression appears consistent with or without the implantation 

strategy (Figure 5B), ISL-1 expression was enhanced when the cells were delivered with the 

TNFα receptor antagonist (Figure 5C). While differentiation towards a vascular lineage was 

not affected (Figure 5D), the early cardiac transcription factor, GATA4, demonstrated 

increased expression in the presence of the TNFα receptor antagonist. However, TNNT2 

expression was not altered (Figure 5E).
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Multiple linear regression analysis demonstrated that variation in cardiac differentiation 

potential is attributable to CPC line variability more significantly than any of the 

extracellular variables present within the infarct environment. In particular, the extent of 

ISL-1 expression in CPC isolates is the major determinant of both GATA4 and TNNT2 

expression. TNNT2 expression was also positively regulated by increasing stiffness and 

negatively correlated with immunomodulatory cytokines (Supplemental Figure 3C and 4C, 

respectively and Table 2). Although TNNT2 and GATA4 expression levels were positively 

regulated by stiffness, sensitivities to cytokine presence and, most significantly, oxygen 

tension were line-dependent (Table 3). Only line 2 cells’ expression of GATA4 and TNNT2 

was positively regulated by oxygen tension and negatively impacted by cytokines (Table 3).

Vascular differentiation potential was influenced by the cell line and three of the four infarct 

variables. Similar to cardiac differentiation, collagen I density had a minimal, non-

significant impact on VWF and TAGLN expression (Supplemental Figure 2D, Table 2). The 

degree of the association between ISL-1 and vascular gene expression was weaker as 

compared to the relationship with the cardiac differentiation markers. Stiffness and oxygen 

tension were both positively correlated with endothelial and smooth muscle cell 

differentiation (Supplemental Figures 3D and 5D, respectively and Table 2), while the 

presence of cytokines inhibited both markers’ expression (Supplemental Figure 4D and 

Table 2). Lines 2 and 3 possessed very similar sensitivities to the infarct variables with 

respect to vascular differentiation, but line 2 was more responsive to oxygen tension with 

stronger correlations to both VWF and TAGLN gene expression, while line 3 cells 

demonstrated a more robust, negative correlation with cytokine presence (Table 3).

ISL-1 expression demonstrated the strongest, positive interaction with both stiffness and 

oxygen tension. ISL-1 expression was also positively correlated with the degree of ISL-1 

expression in stem maintenance media and negatively correlated with cytokine presence 

(Table 2). While both lines 2 and 3 demonstrated similar interactions between ISl-1 

expression and stiffness/cytokine presence, only line 2 possessed a strong, positive 

interaction between oxygen tension and ISL-1 expression (Table 3).

Discussion

The in vitro polyacrylamide gel based model system described herein demonstrates 

significant potential for the prediction of cell fate in vivo as it recapitulates four key aspects 

of the microenvironment which change following infarction including, increased substrate 

stiffness [27], altered matrix composition [28], decreased oxygen tension [23] and the 

presence of inflammatory mediators [29]. The application of the model system for the 

development of delivery strategies which maximize CPCs’ therapeutic potential could 

increase the validity of cell therapy as a treatment option for the millions of people suffering 

from an MI each year. The in vitro platform is both easy to access and manipulate and has 

the potential to be scaled up due to its relative size and cost effectiveness, which allows for a 

comparative assessment of various implantation strategies as well as an evaluation of the 

heterogeneity which exists across patient populations. Ultimately, the model system has the 

potential to minimize the time, cost and variability associated with animal model studies by 

serving as a preliminary screen for the comparison of multiple strategies’ effectiveness 
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simultaneously as well as an identification of the underlying mechanisms responsible for 

enhanced cell fate.

The inability of CPCs to adhere and proliferate within the infarct environment demonstrates 

that the model system presents an inhospitable environment similar to the scar in vivo where 

it has been reported that fewer than 5% of injected cells are retained [8]. Assessment of the 

individual variables suggests that both oxygen tension and substrate composition are the two 

most limiting factors to CPC adhesion and expansion within the infarct model system. While 

short-term exposure to oxidative stress (via H2O2) can minimize cellular apoptosis, exposure 

which lasts for more than 48 hours is often detrimental [30]. Research has also demonstrated 

that both the activation and expansion of CPCs in vivo is specific to their extracellular 

environment. For example, fibronectin is a critical extracellular matrix protein responsible 

for the activation of c-Kit+ CPCs following MI. In an inducible fibronectin knockdown 

mouse model, c-Kit+ CPCs failed to expand in vivo following MI which coincided with 

significant functional deterioration [31]. Collagen dominates the extracellular matrix 

composition of the 4 week infarct ECM and therefore fibronectin comprises a smaller 

fraction of the infarct ECM relative to the healthy ECM [16]. A decrease in fibronectin 

within the chronic model likely contributed to the reduced proliferative potential of c-Kit+ 

CPCs relative to the healthy model. The increased expression of the alpha2 integrin could 

suggest an increase in adhesion to collagen-specific ligands relative to the healthy 

environment [32]. Moreover, because integrin-mediated signaling influences several cellular 

signaling pathways including differentiation, apoptosis, and proliferation [33], it is likely 

that the infarct ECM negatively impacts cell engraftment and proliferation. However, a more 

thorough investigation into integrin signaling pathways is needed to identify the specific 

mechanisms responsible for the decreased adhesion and proliferation within the infarct 

environment.

In our model system, the potential for cardiac differentiation was minimal and difficult to 

promote with the application of an implantation strategy. The cardiomyogenic potential of 

CPCs has been heavily debated and while several researchers have demonstrated the ability 

to direct cardiac differentiation in vitro with the manipulation of various culture conditions 

[34], our model system supports previous reports that signaling moieties within the native 

myocardial environment do not induce spontaneous differentiation of CPCs [2]. Moreover, 

our results highlight the variability which arises in the isolation and expansion of CPCs and 

this variability is likely attributable to the heterogeneity in CPC activation following injury. 

Similar to previous reports [35–37], the cardiomyogenic potential of CPCs appears to be 

significantly regulated by their ISL-1 expression. Previous work has demonstrated that the 

delivery of recombinant Isl-1 protein increases the percentage of functional cardiomyocytes 

derived from human embryonic stem cells and Isl-1+ cells contribute to a significant 

percentage of resident cells in the heart as demonstrated in an Isl-1 knockout mouse model, 

in which animals lack an outflow tract, right ventricle and regions of the atria [37]. While in 

humans it has been debated whether a subpopulation of CPC progenitors which concurrently 

express Isl-1 and c-Kit exists [38], other researchers have isolated subpopulations of c-Kit+ 

CPCs which express Isl-1 from specific animal models including sheep and rats [39]. Given 

the strong correlation between ISL-1 expression and TNNT2 expression observed in the 
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absence of stem maintenance media, our research supports the hypothesis that the 

development of strategies which stimulate and/or promote ISL-1 expression by CPCs is 

likely to maximize their cardiac differentiation potential in vivo. Despite the robust 

expression of TNNT2 by line 2, it is important to emphasize the immaturity of this 

progenitor phenotype which appears both morphologically and functionally dissimilar to a 

native cardiomyocyte. Therefore, it remains to be seen whether this cell type has any true 

potential for functional repair via directed cardiac differentiation to functional 

cardiomyocytes in vivo.

In addition to the initial degree of ISL-1 expression in the isolated population, stiffness and 

cytokines also influenced the expression of TNNT2. Previous differentiation protocols have 

highlighted the importance of substrate stiffness in directing the cardiac differentiation of 

pluripotent stem cells (PSCs), with strong correlations existing between substrate rigidity 

and the percentage of TnT+ cells [40]. Engler et al demonstrated that MSCs cultured on gels 

of an intermediate stiffness (8–17 kPa) had the greatest expression of the muscle 

transcription factor MyoD, while neurogenic and osteogenic differentiation was more robust 

on the softer and more rigid gels, respectively [22]. Work has also demonstrated that 

increased matrix stiffness impedes functional maturation of immature cardiomyocytes [41] 

as well as minimizes the electrical excitability of myocytes [42] and the forces generated 

during spontaneous contraction [43]. Therefore, the increased stiffness of the myocardial 

scar may promote the expression of early cardiac differentiation markers, but impede the 

functional maturation of a CPC, which would be necessary for the restoration of contractility 

within the injured myocardial environment.

The negative correlation between inflammatory mediators and TNNT2 expression is likely 

attributable to both TGF-β-induced proliferation [44] and FGF-maintained stemness [45], 

which together inhibit the percentage of cells differentiating towards either a cardiac or 

vascular lineage. This hypothesis is further supported by the negative correlations which 

exist between cytokine presence and all five of the genes explored in the multivariate linear 

regression analysis. GATA4 expression was minimally impacted by the four infarct 

variables assessed in this study, including cytokine presence. The transcription factor is 

robustly expressed by both immature CPCs and differentiated cardiomyocytes and therefore, 

it is difficult to make conclusions regarding GATA4 expression and the differentiation 

potential of c-Kit+ CPCs.

Unlike cardiac differentiation potential, the robust expression of both VWF and TAGLN 

suggests that the native environment is conducive to vascular differentiation of resident 

CPCs [46]. Unfortunately, this differentiation potential is significantly abrogated by the 

infarct environment. Although increasing substrate stiffness promoted VWF expression, this 

response was negated within the model system most likely due to the presence of fibrotic 

mediators as well as the decreased oxygen tension. Previous research has demonstrated that 

prolonged exposure to oxidative stress can inhibit CPC expression of both smooth muscle 

and endothelial genes [30]. Despite poor adhesion, proliferation and differentiation potential, 

the infarct model promoted the expression of two critical growth factors, HGF and VEGF, 

which enhance cell survival and promote angiogenesis in vivo. Paracrine signaling is 

considered to be one of the predominant mechanisms by which stem cell therapy promotes 
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functional restoration following MI. In particular, the injection of HGF one day following 

MI decreases cellular apoptosis via the activation of the PI3-kinase/Akt pathway, which 

results in enhanced systolic function 4 weeks following injury [47]. We have previously 

demonstrated that 4 week infarct matrix promotes the expression and secretion of HGF by 

MSCs as compared to standard tissue culture plastic and healthy matrix [16]. Because the 

HGF receptor is influenced by integrin-mediated signaling [48] and the secretion of HGF is 

responsible for anti-fibrotic signaling [49], it is likely that the increased collagen density of 

the 4 week ECM enhances the expression of this growth factor within the infarct model 

system.

The model not only highlighted differences in cellular adhesion, expansion, differentiation 

and growth factor signaling across the two environments, but also demonstrated significant 

discrepancies across cell lines. Several infarct variables regulated cardiac differentiation 

potential, but the initial degree of ISL-1 expression in the isolate was the strongest predictor 

of both GATA4 and TNNT2 expression and this stem marker varied significantly in lines 2, 

3 and 5. Despite isolating all cellular populations one week post-MI and sorting for the c-Kit 

cell surface antigen, the populations were heterogeneous not only following isolation, but 

also with their response following seeding in the infarct model microenvironment as 

demonstrated by the variability in the adhesion, expansion and gene expression data sets. 

Stratifying the data by line identified stronger correlations across infarct variables and 

differentiation markers (Table 3) and more importantly, by excluding line 5 from the 

regression analysis entirely (Supplemental Table 1), the goodness of fit described by the 

adjusted R2 value increased. Inter-patient heterogeneity in stem cell clones has been well 

documented in both PSCs and MSCs. For example, hematopoietic-differentiation potential 

of induced PSCs varied more significantly across patient derived clones than across cells 

generated from the same patient [50]. In addition, the expression of the pro-angiogenic 

guidance molecule, SLIT3 by MSCs varied from clone to clone and regulated the 

vascularization potential of the cells in vivo [51]. Therefore, identifying the optimal strategy 

for regenerating infarcted myocardium will likely be tightly regulated by the population of 

CPCs isolated from a specific patient. The model described demonstrates significant 

potential for determining the most beneficial approach to CPC implantation at the patient-

specific level.

While the model system enables a simple and potentially accurate prediction of cell fate in 

vivo, several key variables not included within the current model likely regulate cellular 

adhesion, viability and differentiation. Increasing the complexity of the model system by 

transitioning to a three-dimensional system, including additional cell types such as cardiac 

fibroblasts, incorporating physical stimulation by culturing the model environments within 

bioreactors that can elicit both electrical and mechanical stimulation as well as the inclusion 

of additional cytokines and inflammatory mediators (MMPs) will likely improve the 

predictive capacity of the current system. While these manipulations may reduce the ease 

and reproducibility of cell culture and fate assessment, they are likely critical factors 

regulating cell fate following implantation. However, even by increasing the complexity of 

the model system, it is still challenging to fully recapitulate the in vivo environment within 

an in vitro cell culture platform. Therefore, the current model may serve as a foundation for 
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the development of future model systems, which will be valuable for the development of 

clinical strategies, which promote the efficacy of cell therapy. Also, decellularization of the 

infarcted hearts required the use of a strong detergent (1% SDS). It has been suggested that 

strong detergents such as SDS remove several critical biofactors known to influence cell fate 

including proteoglycans and glycosaminoglycans [52]. Therefore, the evaluation of 

additional detergents for the decellularization process may increase the validity of the model 

system by maintaining the robust nature of binding motifs present within the native 

myocardial environment. In addition, our method of solubilization of the ECM may reduce 

the accuracy of the model system because it no longer provides structural cues to the cells 

and soluble ECM fragments have demonstrated the potential to be proinflammatory [53]. It 

is important to note, however, these ECM fragments would likely be present in the infarct 

microenvironment. Development of alternative methods for incorporating whole ECM in a 

nondigested form will likely improve the model system. Furthermore, the regression 

analysis assumes linear relationships between each of the independent variables and genes 

of interest. These are most likely over simplified relationships, which fail to describe the 

complex interactions that occur in vivo. In order to improve the predictive power of the test, 

additional non-linear relationships should be examined.

Conclusion

Overall, our results highlight the importance in characterizing an individual’s population of 

CPCs prior to implantation in order to understand their therapeutic efficacy within the 

inhospitable myocardial scar. While the environment is generally detrimental to vascular 

and cardiac differentiation, the enhancement of paracrine signaling within the infarct model 

suggests that the implanted cells may function primarily through pro-survival and pro-

angiogenic paracrine signaling with native cells to elicit the significant functional repair 

which has been observed clinically. Finally, the significant correlations which exist between 

ISL-1 expression and CPC cardiomyogenic potential suggests that screening the cells for 

this marker or eliciting its expression ex vivo may enhance therapeutic efficacy in vivo. 

Further development and application of this model system will likely promote functional 

recovery achieved via cell therapy for the treatment of MI and prevention of HF.
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Highlights

➢ Infarct milieu in vitro model predicts cell fate and implantation strategy 

efficacy

➢ CPCs demonstrate poor engraftment/differentiation potential within infarct 

model

➢ Infarct milieu promotes pro-survival/pro-angiogenic growth factor expression

➢ Model highlights how sensitivity to infarct variables is line-dependent

➢ Potential for clinical application to identify patient-specific delivery strategy
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Figure 1. 
Development of In Vitro Model of Myocardial Infarction. A. Table describes how each of 

the four variables (ECM composition, polyacrylamide gel stiffness, oxygen tension and 

cytokine presence) change as a function of both the healthy and infarct model systems. B. 

Schematic illustrating the polyacrylamide gel based in vitro model system.
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Figure 2. 
Isolation and Characterization of c-Kit+ CPCs. A. 1 week following induction of MI (suture 

which ligated coronary artery highlighted by arrow), c-Kit+ CPCs are isolated via a 

collagenase type II digestion followed by MACs sorting for c-Kit antibody. B. 6 lines of 

cells were isolated from 6 distinct infarcted hearts and heterogeneity was characterized via 

qPCR at passages 2 or 3 following culture in stem maintenance media. C. Histological 

assessment of Line 5 demonstrates that cells maintain a stem phenotype in culture as 

evidenced by c-Kit expression. However, this line of cells does not positively express Isl-1, 

Gata6, Tbx5 of TnT. However, the cells still possess characteristics of cardiac and vascular 

progenitors by their positive expression of Flk-1, aSMA, and Gata4. Scale bar is 100 µm. All 

images taken at 20×.
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Figure 3. 
Infarct Model Impedes Cellular Adhesion and Proliferation. A. At 16 hours post-seeding, 

qualitative image assessment of Live/Dead stain demonstrates that the healthy model 

significantly promotes cell adhesion. Quantitative image analysis demonstrates a 

significantly greater number of cells in the healthy model for Lines 2 and 3 at 16 hours post-

seeding. B. At 5 days and for all three lines, the cells proliferate much more rapidly in the 

healthy environment relative to the infarct model. All images are taken with a 20× objective 

and scale bar is 100 µm. Lines indicate significance with a p<0.05.
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Figure 4. 
Assessing Regenerative Potential of c-Kit+ CPCs within Model System. A. Histological 

assessment demonstrates decreased differentiation potential within infarct environment. In 

particular, vascular markers (α-SMA and vWF) appear absent within the infarct model, but 

robust within the healthy model. Images taken at 60× oil immersion and scale bar is 25 µm. 

B. Cardiac differentiation potential assessed through qPCR does not change as a function of 

the infarct environment. C. Gene expression of pro-survival (HGF) and pro-angiogenic 

(VEGF) growth factors increases significantly within the infarct microenvironment relative 

to the healthy (p=0.01 and 0.017, respectively). D. TAGLN and VWF gene expression 

significantly decreases within the infarct model (p=0.002 and p<0.001, respectively). E. 

Integrin α2 gene expression increases significantly within the infarct model (p=0.025). F. 

KIT expression is not significantly altered as a function of the infarct microenvironment. All 

gene expression is presented as mean +/− SD.
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Figure 5. 
Implantation Strategy Influences Differentiation Potential of c-Kit+ CPCs. A. Cell profiler 

analysis of live/dead staining 5 days post seeding demonstrates no significant change in the 

number of live cells/field (mean +/− SE) following treatment with aTNFα receptor 

antagonist.. B. 5 days post-seeding, live/dead staining of c-Kit+ CPCs seeded in the infarct 

model in the absence of an implantation strategy (None) and in the presence of a TNFα 

receptor antagonist (TNFR Antagonist) demonstrate similar levels of cell adhesion and 

viability (scale bar represents 100 µm). Histological staining demonstrates variable stem 

marker, cardiac and vascular differentiation potential across the two implantation strategies. 

Images taken at 60× oil immersion and scale bar represents 25 µm. B. C. The cardiac 

progenitor phenotype is enhanced with the implantation strategy as compared to no 

treatment as demonstrated by an increase in Isl-1 gene expression. Data presented as mean 

+/− SD and p=0.041. D. VWF and TAGLN gene expression do not change significantly 

with the delivery of a TNFα receptor antagonist. E. Gata4 gene expression is enhanced 

when cells are delivered with a TNFα receptor antagonist, but TNNT2 expression is 

unaltered. Data presented as mean +/− SD and p=0.04.
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Table 2

Multivariate Regression Analysis.

Adjusted R2 values describe the goodness of fit of the linear regression model for each gene of interest. The magnitude by which each coefficient 
regulates gene expression is identified by a color scale. Green identifies a positive interaction, while red indicates an inhibitory interaction. Yellow 
identifies an intermediate effect. The respective p-value for each coefficient is described in the column to the right of the coefficient. Data from 
Lines 2, 3 and 5 is included in the regression analysis. A key which describes each independent variable is summarized in Table 1.
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Table 3

Multivariate Regression Analysis by Line.

Adjusted R2 values describe the goodness of fit of the linear regression model for Lines 2 and 3. The magnitude by which each coefficient 
regulates gene expression is identified by a color scale. Green identifies a positive interaction, while red indicates an inhibitory interaction. Yellow 
identifies an intermediate effect. The respective p-value for each coefficient is indicated by an asterisk. (p<0.05 is indicated by * while p<0.001 is 
indicated by **). A key which describes each independent variable is summarized in Table 1.
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